A new twist to the relationship between synaptic plasticity and learning and memory is revealed by the latest series of studies comparing animal behavior with electrophysiological recordings in the hippocampus.
Before plunging into the new studies, a brief review of the topic might be useful to the non-specialist. LTP refers to the strengthening of synapses, lasting for hours and perhaps days, that is induced by the synchronous and repeated activation of many synapses. One condition that is required for producing the most studied form of LTP (at least two forms are known) is that Ca 2+ ions flow into the postsynaptic cell through a particular class of ion channels (the N-methyl-D-aspartate or NMDA receptor channels); synchronous and repeated synaptic use is one way to achieve this, but not the only way. LTD is the reverse of LTP and occurs when individual synapses are activated in isolation: responses get smaller and stay that way for a long time. Interestingly, activation of NMDA receptors is also required to produce LTD, but it is usually believed that a smaller inflow of Ca 2+ ions is needed to trigger LTD; the precise conditions for deciding whether potentiation or depression occurs have yet to be worked out. The effectiveness of particular synapses can thus be turned up, or down, through successive episodes of LTP and LTD. The hypothesized LTP/LTD-memory connection is that memories are stored as the spatial pattern, over a large population, of stronger and weaker synapses.
Why are LTP and LTD believed by many to provide a memory mechanism? There are two main reasons. First, LTP and LTD have the properties that are needed for memory: memories are formed quickly, depend on the association of distinct stimuli, last for a long time (hours at least), and must be represented as some alteration in the function of neuronal circuits. LTP and LTD really are the only enduring circuit changes we know of that can occur rapidly enough. Second, certain forms of learning and memory are selectively impaired by several experimental methods that eliminate or attenuate LTP/LTD. LTP and LTD are known to occur in many areas of the brain, but are most usually studied in a particular region known as the hippocampus, a slice from which is illustrated in Figure 1 . Such hippocampal slices are frequently used in investigations of LTP/LTD, because the simple circuitry of the hippocampus permits activation of uniform populations of synapses. If the hippocampus is damaged or removed from both sides of the brain (it is a bilaterally symmetrical structure), animals are unable to master a variety of (for them) complicated tasks, like learning to swim directly to a submerged and hidden platform, regardless of where they are put into a circular swimming pool (the 'Morris water maze'). The hippocampus is, therefore, involved in the formation and storage of spatial information that the animals use for swimming directly to the hidden platform. If drugs are given that block NMDA receptor function, and so prevent LTP/LTD, the animals cannot learn these spatial tasks. This positive correlation between defects in LTP/LTD and spatial learning provides one of the compelling reasons for associating synaptic plasticity with learning and memory.
Until recently, the analysis of mutant mice lacking proteins that are clearly implicated in synaptic plasticity has similarly shown a good correlation between the extent of LTP/LTD deficiency and the severity of behavioral impairment in hippocampus-dependent tasks, including spatial learning. With the rising popularity of gene 'knockout' technology, ever more mutant mice have succumbed to the hands of electrophysiologists and behavioral biologists. But such studies have revealed that a number of knockout mice do not display the expected relationship between LTP/LTD and spatial learning.
Pharmacological agents that perturb the cAMPdependent intracellular signalling pathway have demonstrated a role for the cAMP-dependent protein kinase, PKA, in hippocampal synaptic plasticity [8] [9] [10] . PKA is a key player in the late phase of LTP (which is dependent on RNA and protein synthesis) at two of the three major synaptic relay stations in the hippocampus: the Schaffer collateral CA1 synapses and mossy fiber synapses (Fig. 1) . PKA activity is also required for inducing LTP at mossy fiber synapses. PKA must, therefore, play a central role in the cascade of molecular events that generate the change in synaptic strength at mossy fiber synapses. Knockout mice have been made lacking either the catalytic subunit, C␤1, or the regulatory subunit, RI␤, of PKA. Not only have these mice allowed an examination of the specific roles of distinct isotypes of PKA in synaptic plasticity, but they have also revealed an unexpected disparity between deficiencies in hippocampal synaptic plasticity and learning tasks that depend on the presence of an intact hippocampus.
Electrophysiological recordings in hippocampal slices obtained from PKA-mutant mice show specific defects in LTP/LTD at a number of synaptic regions [2] [3] [4] ; the results are summarized in Table 1 . With LTP at mossy fiber synapses and LTD at the dentate and CA1 regions strongly impaired, and with an additional deficit in the late phase of LTP for one of the mutants, the expectation, on the basis of previous knockout mouse studies, is that these animals would perform poorly in spatial memory tasks. The mutant mice, however, exhibit no defects in two different tests for spatial learning. Moreover conditioning to context, another form of learning that is partially dependent on the hippocampus, is also unaffected.
In another study, mice carrying a mutation in Thy-1, an abundant glycosylphosphatidylinositol-anchored neuronal cell surface protein, have been tested for LTP and spatial learning [5] . Although Thy-1 appears to regulate neurite outgrowth in vitro [11] , Thy-1-deficient mutant animals display no overall dysfunction in the nervous system and behave normally. LTP in hippocampal slices prepared from Thy-1-deficient mice is comparable to LTP produced in wild-type brain slices, at both the dentate and CA1 regions. When the experiments are carried out on intact anesthetized mice instead of brain slices, however, perforant path-dentate LTP (1 in Fig. 1 ) is found to be selectively absent from the mutant animals. Nevertheless, despite a striking defect in LTP in vivo, the mutant animals perform in the Morris water maze task just like the wild-type animals. Interestingly, Thy-1 deficiency does not directly affect the ability of perforant path-dentate synapses to undergo LTP. Robust LTP can be observed in the dentate cells, provided that inhibitory neurons are suppressed. The lack of any behavioral defect may thus be explained by the incomplete block of LTP (see below).
The two strains of PKA mutants and the Thy-1-mutant mice all display deficiency in at least one of the forms of synaptic plasticity at various points in the hippocampal circuitry, yet they perform normally in hippocampusdependent learning tasks. Perhaps the plasticity phenomena in which these mutant mice are impaired are not required for hippocampus-dependent learning, as was previously thought, or perhaps the importance of hippocampal circuitry other than the feed-forward trisynaptic pathway needs reconsideration. The Thy-1-mutant mice do not strongly support either of these ideas, as their lack of dentate LTP is an indirect effect caused by an enhancement of inhibition. These animals are not, therefore, defective in the molecular machinery that generates LTP at the perforant path-dentate synapses. Perhaps very weak, residual LTP, whose signal is undetectable in electrophysiological recordings, may be sufficient for learning behavior. The PKA-mutant mice provide a conspicuous exception to the 'no LTP, poor learning' pattern of results seen so far. Both C␤1-and RI␤-mutant mice clearly lack the ability to induce LTP in the mossy fiber terminals (2 in Fig. 1) , and moreover LTD (and depotentiation) is impaired at two different synaptic inputs. Unlike the situation in Thy-1-mutant mice, these defects appear to be the direct consequence of mutations in the actual pathway for generating LTP or LTD. Yet these mice behave normally in spatial and contextual learning paradigms, indicating that there is not a direct role for mossy fiber LTP or dentate and CA1 LTD in these hippocampus-dependent learning tasks. In addition, PKA C␤1-mutant mice cannot sustain the late phase of LTP which is dependent on macromolecular synthesis. This effect is similar to that in mice lacking the cAMP-response element-binding protein, CREB; such mice are also specifically impaired in late LTP [12] . In behavioral studies, the CREB-mutant mice perform poorly in spatial learning without extensive training, and they display deficits in long-term memory for contextual and cued conditioning. It has therefore been proposed that CREB-driven transcription during late LTP is required for memory consolidation. The lack of behavioral deficits in PKA C␤1-mutant mice, however, raises questions about the role of late LTP in such a memory consolidation process.
The studies described above have complicated the picture by weakening the correlation between the brain's ability to exhibit LTP/LTD and the animal's spatial learning facility. Additional new studies have compounded these problems by raising questions about the sort of learning that might involve LTP/LTD [6, 7] . Along with studies on mutant mice, another of the foundations of the LTP/LTD-memory connection is provided by pharmacological experiments that use drugs to inhibit NMDA receptor function: in these experiments, LTP/LTD and spatial learning are blocked in parallel. But the new behavioral studies reveal that something more complex is going on. Saucier and Cain [6] report that a new NMDA antagonist (NPC17742) does interfere with spatial learning, but this interference can be completely eliminated by pretraining the animals in the Morris water maze. Thus, if the rats become familiar with the task to be performed -they learn to look around for a platform and acquire successful search strategies to find the hidden platform -they can then learn the spatial task (swim directly to the hidden platform, no matter where in the pool they start) even when given sufficient drug to eliminate LTP. Thus, it would appear that LTP is not required for spatial learning, contrary to what has long been believed.
But even the caveats to old picture have some complications. Morris's laboratory [7] simultaneously published similar studies which revealed that pretraining can indeed ameliorate much of the detrimental effect of NMDA receptor antagonists on spatial learning, but more relevant pretraining works better than 'less relevant' practice (that is, no pretraining but spatial learning in a different maze). Hippocampal lesions have a profound effect on the animals' ability to learn in the water maze, whether or not the animal has practiced on a similar task. So, for some reason, blocking LTP/LTD has a less profound effect on learning than does a lesion. The reason could be that LTP/LTD is not needed for learning, but many alternative explanations are possible.
Although LTP and LTD have the right properties for learning mechanisms, obviously this does not mean that these forms of synaptic plasticity are indeed used for memory storage, even if we could show precisely that some type of learning is eliminated when NMDA receptors are blocked. For example, modification of hippocampal circuits might be required for some kinds of learning to occur -the circuits might need to be tuned up to work well for a particular situation -but the memories might not have to be actually represented in the spatial pattern of synaptic strengths. As NMDA antagonists do have effects on learning, interpreting these results will continue to be difficult. We can anticipate two things with certainty: studies of LTP and LTD will continue, and their precise significance for learning and memory will remain obscure until we have learned more about how animals are using their hippocampus during learning. 
